Plant microRNAs are crucial for post-transcriptional regulation of gene expression, with some of them particularly involved in regulating several disease resistance (R) genes. This study is a computational screening for microRNAs potentially involved in the regulation of disease resistance in bread wheat Triticum aestivum, through the genome and transcriptome of this crop species. We used plant miRNAs of the superfamily miR-482/2118 to find complementarities with the expressed sequence tags (ESTs) coding NBS-LRR proteins of the bread wheat. This analysis revealed a vast recognition potential, highlighting highly variable miRNA-mRNA hybridization schemes. Precursors of miR-2118/482 sequences that showed a potential for recognizing wheat NBS-LRR ESTs were used as input for similarity search in the T. aestivum transcriptome shotgun assemblies (TSA) database, enabling the identification of a couple of wheat TSA sequences (JV952948.1 and JV851699.1) that were predicted to adopt a stable miRNA/miRNA* duplex structure. The genomic regions corresponding to both predicted tae-miR-2118 genes were determined on wheat chromosomes 2DL and 5AS. The findings of the present study will contribute to a better understanding of R gene expression regulation in wheat.
Introduction
Identification of small non-coding RNA (sRNA) has been, through last decades, a major research field, as they are involved in gene expression regulation at the post-transcription level. These sRNA are classified into two classes: small interference RNAs (siRNA) and microRNAs (miRNA). The first miRNA identified in a plant species, was associated with Arabidopsis thaliana immunity (Llave et al. 2002) . With the increasingly available plant sequencing data, identifying miRNAs and their targets, serves to improve knowledge of Cereal Research Communications 45, 2017 their regulatory role over a large spectrum of plant developmental functions, including hormonal signaling, growth, developmental pattern, metabolic processes and response to the stress (Jones-Rhoades and Bartel 2004; Wang et al. 2004; Zhang et al. 2005; Berezikov et al. 2006; Carthew and Sontheimer 2009) . Plant miRNA genes, called MIR genes, are generally involved with protein coding genes for miRNA biogenesis. In the nucleus, long primary miRNA transcripts are produced (Jia et al. 2013) , which are then processed by a Dicer-like 1 (DCL1) enzyme into the precursor miRNAs (pre-miRNAs). The latter are, subsequently, further processed into the mature miRNA/miRNA* duplex (Kidner and Martienssen 2004; Wang et al. 2004 ). In the cytoplasm, the duplex strands are separated, and the miRNA strand (20-24 nucleotides) makes part of an RNA-induced silencing complex (RISC), responsible for the hybridization to the 3'-untranslated region of template (target) mRNAs, leading to either inhibition of target translation or its cleavage (Kidner and Martienssen 2004; Wang et al. 2004) . It has been demonstrated that several miRNA families are conserved across a large taxonomic set of plants, from mosses to angiosperms, providing evidence that the miRNA-based regulatory system spreads over 425 million years of function (Zhang et al. 2006) . Particularly when studying miRNAs with a close taxonomic affiliation, cases of conservation, where a one species miR-NA would have orthologs in relative species, have been frequently observed (Mendes et al. 2009 ). This evolutionary fact provides, therefore, a pertinent methodology of identifying new miRNA species, using similarity-based searching and annotation (Weber et al. 2005) . To search homologs of known miRNAs, databases of expressed sequence tags (ESTs) provide a valuable source as they contain the greatest number of entries corresponding to true gene expression, which can be used as computational markers to isolate new expressed genes (Zhang et al. 2005) .
Disease resistance genes (R genes) of the nucleotide-binding site-leucine-rich repeats (NBS-LRR) family represent the most studied R genes (Ellis and Jones 2003) . At protein level, the NBS domain includes highly conserved motifs which are, respectively, the Ploop, kinase-2, kinase-3a and GLPL motifs (Meyers et al. 2003) . NBS-LRRs regulate defense-related responses in plants. Molecular events (e.g. reciprocal recombination, conversions and substitutions) are at the origin of the complex organization of the R genes, promoting their rapid evolution, in response to the selection pressure imposed by pathogen diversification.
Several microRNA gene families are characterized by their involvement in stress-related functions and a high proportion of NBS-LRR transcripts are targeted by miRNAs, especially in the P-loop motif. The miR-482/2118 superfamily is known for its potential to control NBS-LRR genes expression (Zhai et al. 2011) and it is widely accepted that the miR482-NBS-LRR regulatory loop has evolved to counter the cost of over-expression of NBS-LRR genes in the absence of a pathogen, thus ensuring a rapid induction of disease resistance proteins upon pathogen attack (Zhu et al. 2013) . The sequences of these superfamily members are variable and accessible from the miRBase (http://www.mirbase.org/). Although the miR-482 family is abundant in several plant species and could be extended to include the Arabidopsis miR-472, it has been rarely detected in monocotyledonous species (Shivaprasad et al. 2012) .
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The Poaceae family accounts approximately 10,000 species, among them, the most important agricultural species worldwide is the bread wheat Triticum aestivum L., a cultivated crop across more than 240 million Ha worldwide (Curtis 2002) . The modern hexaploid (2n = 6x = 42; AABBDD) bread wheat resulted from an ancient (~10,000 years ago) hybridization event between tetraploid (2n = 4x = 28; AABB) emmer wheat (Triticum dicoccoides Körn.) and diploid (2n = 14; DD) goat grass (Aegilops tauschii L.). As a component of monocotyledons, Poaceae are characterized by NBS-LRR family members, belonging to the non-toll/interleukin1 receptor nucleotide binding leucine-rich repeats (non-TNL) family (Marone et al. 2013) . Whereas previous studies, based on bioinformatic mining identified several miR-482 and miR-2118 family members, targeting different R genes in tomato, potato, soybean and Medicago truncatula (Zhai et al. 2011; Li et al. 2012) , the miRNA pool in monocotyledons remains relatively poor compared to dicotyledons. The miR-482/2118 superfamily is represented by only 38 miR-2118 variants, occurring in nine monocotyledon species with none of these variants was found in Triticum aestivum (http://www.mirbase.org/). Based upon this, the present study aimed to (1) identify potential members of this superfamily in bread wheat, and (2) analyze the recognition potential between wheat NBS-LRR transcripts and the currently available plant miR-2118/482.
Materials and Methods

Raw data source
One hundred and fifty (150) mature miRNAs of the miR-482/2118 superfamily from various plants species (52 eudicotyledons and 12 monocotyledons), found in miRBase (http://www.mirbase.org/), were downloaded separately and used as a raw dataset of our search. From these, 103 non-redundant mature miRNAs were obtained, after discarding redundant sequences.
Recognition potential between wheat NBS-LRR transcripts and plant miR-2118/482
The PsRNATarget server (http://plantgrn.noble.org/psRNATarget/; Dai and Zhao 2011) was used, with default parameters, to predict complementarities between the studied 103 plant miR-482/2118 members and the EST gene indices of the bread wheat (DFCI Gene Index version 12, April 18, 2010 release), preloaded to PsRNATarget from Unigene library, for target search. From the results, we have selected transcripts coding NBS-LRR proteins, and plant miR-482/2118 members showing complementarity to them.
Aiming to identify the recognition potential of wheat NBS-LRR transcripts by plant miR-2118/482, we have analyzed the variability inside the coding sequence of P-loop motif of the collected wheat NBS-LRR transcripts. At protein level, the different binding sites corresponding to the P-loop motif were aligned using ClustalOmega (http://www. ebi.ac.uk/Tools/services/rest/clustalo).
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Homology-based screening of novel T. aestivum miR-2118/482 members
In an attempt to identify novel wheat miRNAs of the miR-2118/482 super family, additional to 38 already available in miRBase from different monocotyledonous species, we have collected stem loop sequences from the plant miR-2118/482 mature sequences that showed a potential for recognizing wheat NBS-LRR ESTs, in the above analysis. These miR-2118/482 precursor sequences were used as input for similarity search in the T. aestivum transcriptome shotgun assemblies database (TSAdb) through the GenBank repository (http://blast.ncbi.nlm.nih.gov/), using the blastn tool, TSA as database and T. aestivum (taxid:4565) as organism. TSA sequences have been computationally assembled from cloned cDNAs, and therefore include sequences that are longer than the traditional ESTs, thus offering opportunities to detect miR-2118/482 homologs expressed by wheat.
In order to predict miR/miR* duplexes, T. aestivum TSA sequences similar to premiRNAs were submitted to the RNAfold server (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) for secondary structure analysis and thermodynamic energy-based profiling. To predict the secondary structure, this server combines separate prediction algorithms that calculate a partition function, predicts a maximum free energy (MFE) structure, and finds structures with maximum expected accuracy. Default parameters were kept for analysis.
Genomic localization and gene structure prediction
Wheat TSA accessions that were homologous to plant pre-miRNAs, and thus predicted to be encoded by MIR genes, were localized in the bread wheat genome, using The Genome Analysis Center blast server (TGAC, http://tgac-browser.tgac.ac.uk/iwgsc_css/blast.jsp). The obtained hit scaffolds were retrieved in Fasta format and submitted to FgenesH gene finding online server (http://www.softberry.com/), for MIR genes prediction.
Results
Identification of a large and flexible recognition potential between wheat NBS-LRR transcripts and plant miR-2118/482
One hundred and three (103) non-redundant mature miR-2118/482 sequences from 64 plant species were downloaded, separately from miRBase (www.miRBase.org), and used as input file in PsRNATarget. Their complementary with T. aestivum transcripts was analyzed for sequence variability of the P-loop motif. In total, we have identified various recognition patterns between miR-2118/482 and NBS-LRR mRNAs. In these patterns were involved 13 wheat NBS-LRR transcripts and 34 miR-2118/482 species from 26 different plants (Table S1*) .
Sequence analysis of wheat NBS-LRR transcripts showed several variations at the binding site to plant mRNAs, namely in the P-loop motif: GMGGV(L)GK. We have de-*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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fined eight different variants of the P-loop, at the protein level (Table S1) . Interestingly, two different miRNAs differing by up to four nucleotides (e.g. ata-miR2118a and bdimiR2118a) could target the same NBS-LRR mRNA (e.g. NP935614) in the sequence corresponding to the P-loop motif. These observations can be explained by the relatively frequent mutational events in MIR genes triggered by their birth and death evolution model (Fahlgren et al. 2007 ).
Identification of two T. aestivum miRNAs belonging to the miR-2118 family
Starting from the hypothesis that the 34 plant miR-2118 members would potentially have conserved counterparts among T. aestivum tae-miR-2118, we have investigated the homology between plant pre-miRNAs used as queries and T. aestivum TSA sequences. Homology searching within T. aestivum TSA sequences, using plant pre-miRNAs as queries, yielded three relevant matches among wheat TSA sequences. First, JV952948.1 (Duan et al. 2012 ) was matched by two pre-miRNAs of A. tauschii (ata-miR2118a-3p and atamiR2118b-5p) and a pre-miRNA of B. distachyon (bdi-miR2118b-3p), with highly significant e-values of 1e-73,1e-102 and 6e-2, respectively; secondly, JV851699.1 (Duan et al. 2012 ) was matched by ata-miR2118c and ata-miR2118d, with the same e-value of 1e-47; and finally, JV952923.1 (Duan et al. 2012 ) was matched by bdi-miR2118a, with an e-value of 4e-28. Even though it was characterized by a significant e-value, JV952923.1 was discarded from the results due to a low query-to-hit coverage (52%). Therefore, we could consider that two sequences from the wheat TSA database (JV952948.1 and JV851699.1) corresponded to putative wheat miRNA genes.
Verification through GenBank protein database, using blastx, confirmed that both JV952948.1 and JV851699.1 did not encode any protein sequences. It is known that the miRNA ability to down regulate mRNA target, depends strongly on the pre-miRNA hairpin form. Such a structure is also important for the pre-miRNA recognition by RNAase III enzymes Drosha and Dicer, as well as for the export of the miRNA precursor from the nucleus (Lund et al. 2004 ). Therefore, both JV952948.1 and JV851699.1, were submitted to the RNAfold web server (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi), to predict their stem loop structure. The result of this analysis, illustrated in Fig. 1 , allowed making two predictions: the first, derived from JV952948.1, consisted in a putative miRNA/miR-NA* duplex (5'-UUCCCGAUGCCUCCCAUUCCUA-3' and 5'-UGGGAATGG-GAACATGGAGGA-3'), with an optimal secondary structure stability of -70.90 kcal/ mol, as inferred from minimum free energy (MFE) analysis. The second predicted miR-NA/miRNA* duplex, derived from JV851699.1, consisted in a putative mature miRNA/ miRNA* duplex (5'-UGGGCAUGGGAACAUGGAGGAA-3' and 5'-UUCCUGAUGC-CUCCCAUGCCUA-3'), with an optimal secondary structure characterized by a minimum free energy of -56.00 kcal/mol. Both predicted wheat pre-miRNAs were labeled tae-miR2118a and tae-miR2118b (Fig. 1) .
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Figure 1. Prediction of miRNA secondary structure, using the RNAfold server (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). Both secondary structures generated from wheat TSA sequences, JV851699.1 and JV952948.1 (Duan et al. 2012) , show stem loop organizations where the mature duplex miRNA/miRNA* has a nearly perfect complementarity
Genomic localization and gene structure prediction of tae-miR2118a and tae-miR2118b
Both JV851699.1 and JV952948.1 were submitted to The Genome Analysis Center blast server (http://tgac-browser.tgac.ac.uk/iwgsc_css/blast.jsp) to obtain the most accurate localization in the bread wheat genome. The first TSA hit JV952948.1 matched genomic scaffold '9838888' on wheat chromosome 2DL, covering 501 bp of length, from position 6024 bp to position 6524 pb, with 100% of identity and an expected value of 0.0. The second TSA hit JV851699.1 matched scaffold '1509771' from position 4137 bp to position 4755 bp, on chromosome 5AS, with 93.89% of identity with the matched genomic region and an e-value of 0.0 (Table 1) . Subsequent analysis of each scaffold, separately, through FgenesH, revealed the presence of complete gene structures, where the candidate pre-miRNA sequence would be transcribed within the introns of the predicted host genes (Fig. 2) . 
Discussion
The aim of our study was to identify miRNAs mediating NBS-LRR genes expression in wheat. As a first step, we have identified eight different recognition patterns that involved 13 wheat NBS-LRR mRNAs with 34 miR-2118/482 sequences from different plants. We think that such flexibility is crucial to the mRNA-miRNA co-evolution, as each counterpart will have the ability to evolve few sites of mutation under selection constraints, without affecting the robustness of the regulatory process. For example in Solanaceae, such as tomato and potato, a robust targeting network within the same plant species has been recently discovered (de Vries et al. 2015) . The redundancy of targeting may help to support the rapid evolution of NBS-LRRs enhanced by pathogen evolution, allowing the miR-2118 gene family to act as an evolutionary buffer for R gene sequence diversity, in the context of the high selection pressure exerted reciprocally by pathogens and NBS-LRR genes.
As a second step, we have identified, in silico, two T. aestivum miRNAs, tae-miR2118a and tae-miR2118b, and their predicted genes were localized on wheat chromosomes 2DL and 5AS. It is well known that plant-miRNAs are mostly generated from non-coding transcriptional units. Generally, miRNA genes origins are either from transposable elements (TE), duplication of protein coding genes, or duplication of preexisting gene followed by mutation events (Allen et al. 2005; Fahlgren et al. 2007; Fahlgren and Carrington 2010) . In addition, some miRNA genes would have originated from a hairpin structure in intronic or intergenic regions (Lu et al. 2008; Nozawa et al. 2010) . In our study, we have found that the two predicted miRNA genes, designated tae-miR2118a and tae-miR2118b, are localized in intronic regions of protein coding genes that have perfect structural composition. Ying et al. (2010) reported that intronic miRNAs are transcribed along with primary transcript by the promoter of the host gene. Introns of protein-coding genes, where MIR genes are hosted are referred to as mirtrons. Until date, they have been discovered in invertebrates and mammals (Berezikov et al. 2007) , and, more recently, in rice and Arabidopsis (Yang et al. 2012) .
The findings reported in this paper will be useful to further research on miRNAs involved in disease resistance genes regulation in wheat. Our future emphasis will encompass the expression profiling of the identified miRNAs in different pathological contexts. Cereal Research Communications 45, 2017 
